INTRODUCTION
As the price of jet fuel has risen in recent decades, jet engine manufactures have put great effort into improving the efficiency of their engines. In addition to new designs, a fair amount of research has gone into studying previously abandoned nontraditional designs. One such design, previously explored in the 1970s and 1980s, is the contra rotating open rotor [1] . Contra rotating open rotors (CROR), sometimes referred to simply as open rotors or propfans, are systems consisting of two unducted rotors rotating in opposing directions. They have several distinct advantages over more common aircraft engines that make them attractive to jet engine and airline manufacturers. One advantage is that they have a high propulsive efficiency relative to the adiabatic efficiency. This ratio is generally equal to or greater that 0.95, meaning these systems have greater fuel efficiency than other types of aircraft engines. In addition to this, the fan pressure ratio is generally small, always less than 1.3 and commonly under 1.1. This allows CRORs to have good fuel efficiency at various flight speeds leading to all around fuel savings [2] .
While these systems are very efficient, current designs have some disadvantages that make them inappropriate for regular use. The most significant disadvantage these systems have is that they tend to be very loud [1] . With regulations on aircraft noise commonplace, open rotor propulsion systems as they currently exist are not practical. In order to limit the noise generated from these systems, it is important to understand the flow fields of these systems. A better understanding of the flow filed of CRORs can help to create low noise deigns that still offer the benefits of high fuel efficiency.
In order to better understand the flow characteristics of CRORs, the NASA Environmentally Responsible Aviation project (ERA) supported the collection of PIV images of the flow field of the Open Rotor Propulsion Rig (ORPR). This setup consisted of 12 blades on the front rotor and 10 blades on the aft rotor. The experiment was conducted at the NASA Glenn Research Center (GRC) in the 9 x 15 foot low speed wind tunnel (9 x 15 LSWT) in the summer of 2010. Figure 1 shows a photo of the ORPR in the 9 x 15 LSWT [2] .
In recent years, several researchers have studied the flow field of the contra rotating open rotor. Stürmer et al. collected a large PIV dataset of a generic isolated CROR with a ten bladed front rotor and an eight bladed aft rotor. The data set was subsequently phase averaged to create a reconstruction of the flow field. A 1% difference in the radial location of forward rotor tip vortex was found compared to CFD simulations [3] .
As part of a separate study, Stürmer looked at the flow field of a generic CROR with eight blades on both the front and aft rotors. Stürmer found the aft rotor consumes the wakes produced by the forward rotor, producing periodic fluctuations in the blade forces. He showed that this phenomenon has a strong effect on the flow field. He also showed that the complex flow pattern between the two rotors could be captured by the DLR TAU-code [4] .
In a similar manner, Boisard et al. produced CFD simulation results for a CROR with 12 blades on the front rotor and 10 blades on the aft rotor. The simulation they produced was able to accurately predict characteristics of the flow that were previously measured experimentally. The simulation also accurately predicted pressure distributions on the blade at most points, although pressure at the blade root did not match closely with experimental results [5] .
Slaboch et al. studied the NASA ERA dataset to begin to determine the effects of the aft rotor on the inter-rotor flow field of an ORPR. Previous efforts had not been able to extract information regarding the relative positions of the forward and aft rotors. As such it was impossible to determine how that relative phase angle might affect the topology of the flow in the inter-rotor flowfield. They found that the relative phase between the front and aft rotors could have a measureable impact on the strength of the forward rotor tip vortices, though there was no measureable effect on the position of the vortices [6] . Slaboch et al. also were able to confirm some fluctuations in the inter-rotor flow field that had been predicted via CAA codes by Van Zante and Envia [7] . The effects of the aft rotor on the forward rotor wakes was not investigated as part of the study from Slaboch et al. However, the changes to the topology of the forward rotor wakes as they approach the aft rotor are particularly important in the prediction of the radiated acoustics and propulsive performance of the system. A clearer picture of the effects of the aft rotor on the forward rotor blade wakes can be used to modify the inputs to existing models of acoustic performance of these engines. This paper will discuss improvements to the imageprocessing algorithm initially used to process the PIV dataset by Slaboch et al. [6] . The improved image processing algorithm from this research will then be used to more accurately display the effects the aft rotor of a CROR has on the inter rotor flow. Specifically, this paper will discuss the effects on the forward rotor wakes and detail changes in the topology of the wakes as a function of the phase angle between the forward and aft rotors. 
EXPERIMENTAL SETUP
The present dataset was collected via 3D stereoscopic particle image velocimetry (PIV). A volume of 30 planes was collected with the realization acquisition triggered on a single blade of the forward rotor. This trigger fixed the position of the front rotor in all data acquisition removing some of the unsteady nature of the flow field. A schematic showing the extent and location of the data acquisition is shown in Fig. 2 . The position of the aft rotor was not recorded, though both rotors were set to nominally the same rotational speed. The final spatial resolution of the velocity vectors was 1.43 mm in each direction with a 200 mm x 150 mm field of view. The full details of the PIV setup and data acquisition, including calibration procedures can be found in Ref. [8] . A separate data collection effort that included acoustic data was detailed in Ref. [9] .
The tunnel free stream Mach number was 0.2 during all PIV data acquisition. Although many operating conditions were recorded in this large data set, only a single operating condition is included here for clarity. The variable pitch front and aft rotor blades were set to angles of 40.1° and 40.8°, respectively, in a take-off configuration. The nominal rotor RPM was set to 6444 and the front rotor PIV phase delay was set to 0°. The front rotor thrust was measured to be 1.2296 kN, with a rotor torque of 229.9 Nm, and aft rotor thrust of 1.288 kN with a torque of 221.4 Nm for a total shaft power of 310.7 kW [6] .
The data collection featured 400 individual PIV realizations of the flow field. [8] This data was compared to CFD simulations, which showed a less than 1% difference between the stereo-PIV data and the simulations. This was also explored in reference [7] which identified and quantified possible sources of error in data acquisition. Mineral oil was the chosen particle seeding for acquisition because of its relatively small aerodynamic diameter. The small diameter affects the particle dynamics by reducing particle drag such that the seed mimics air particles travelling in their streamlines. Laser timing jitter was also less than 2 nanoseconds, which negates this possible source of error.
Particle displacement estimation was identified as the main source of error in data acquisition. [7] This was determined through implementation of multi-pass processing, sub-region distortion processing, and SPOF processing techniques by a cross-correlation processing program. This program removed vectors in the flow field that were outlier values and replaced them with an interpolated value from neighboring vectors. Error in cross-correlation peaks was determined to be <1% of full scale.
DETERMINING POSITION OF AFT ROTOR
Because of the design of the ORPR experiment, the position of the aft rotor could not be determined relative to the position of the forward rotor. During the experiment the position of the aft rotor was not separately tracked or measured, however it was necessary to measure the position of the aft rotor in order to determine its effect on the inter-rotor flow as well as the forward rotor. The only data that revealed the location of the aft rotor were the raw PIV images. Because of this, it was necessary to create an image processing algorithm that would analyze the PIV images and determine the relative position of the aft rotor.
In order to protect the composite material of the blades, the PIV laser sheet was partially obscured. While the rotors did not receive light directly from the laser, light scattered from the seeding particles partially illuminated the blades. This left parts of the blade discernible in the PIV images. Figure 3 depicts a raw PIV image where the blades of the aft rotor are partially visible. In the image, the flow is moving from left to right and the aft rotor is spinning from bottom to top.
Because the position of the ORPR and PIV cameras were known, the image processing algorithm could analyze the features of the blades and accurately measure their position by determining where certain features were located in the image. These features included the forward-most point of each aft rotor blade. For each separate plane of the PIV data acquisition different features were used to find the relative position of the rotor. As the laser sheet was moved outward radially, more of the flow field was unmasked allowing for a larger area of the flow field to be analyze. This left less of the blades visible for each subsequent plane. Only 25 of the total 30 planes could be processed by the image procession algorithm due to the lack of traceable features in the images at the outer most planes.
PIV images taken closer to the base of the rotor had the entire edge of the rotor blade visible. For PIV images close to the base of the rotor, the edge of the blade roughly formed a parabola. The image processing algorithm was able to determine a reference point for each blade by fitting a parabola to the edge of the blade and finding the local minimum. The position of this point was then compared to the bottom of the image to find its relative position. For planes further away from the base, this point was not visible. With these images it was necessary to fit two straight lines to the edge of the blade and use the intersection as the reference point.
Since the aft rotor had ten blades it was known that the distance between the reference points on two separate blades would correspond to 36° of rotation. The image processing algorithm would only search for local minimums in a single 36° section that was unique to each plane. This region was then further divided into ten smaller regions of 3.6° each. Each image was assigned a phase angle based on which region it fell into and was placed into a corresponding bin.
For each of the 25 planes that were analyzed there were 400 image pairs. Since the position of the aft rotor is for all intents and purposes random, it would be assumed that each bin would have approximately 40 images. This was the case for the majority of the 25 planes, however, there were a number of individual images that had to be removed from consideration due to lack of sufficient visual detail to confidently discern the relative phase of the aft rotor.
Having only 40 images per bin can increase the amount of uncertainty for each phase averaged velocity field. The mean of the standard deviation over the velocity field was found to be approximately 2% of full scale. A 95% confidence limit on this data would be just over 4% of full scale using a Student's t value of 2.021 as opposed to 1.960 for a true Gaussian distribution.
DATA EXTRACTION METHODS
The effect of the aft rotor potential field on the wakes propagating downstream from the front rotor blades was explored through an analysis of velocity magnitudes and relative positions recorded from the PIV data acquisition. With completion of the image processing algorithm of the PIV data, the analyzed dataset was acquired though velocity magnitude extraction across all 10 front-aft rotor relative phases. The velocity has been normalized by the front rotor tip velocity and the length has been normalized by the front rotor radius. The front rotor is located at Z/R = 0.0 and the aft rotor at Z/R = 0.61 with the positive Z/R direction pointing towards the aft of the rig. It is also noteworthy that the forward rotor top vortex is visible in the image and does not move with aft rotor position. Likewise, the forward rotor wake, visible as a nearly vertical local deficit in the velocity, is in approximately the same position in each figure. However, the magnitude and strength of this forward rotor wake is the subject of the remainder of this paper. A more thorough discussion of the overall effects of the aft rotor can be seen in Ref. [6] .
While it would have been preferable to extract data in a polar coordinate system, it was determined that any error due to the non-curved nature of the extraction were minimal when looking at a relative position and strength of the forward rotor wakes across the 10 phases. The 11 Z/R planes were chosen because they contained a complete dataset for all three Cartesian coordinates. The other Z/R planes did not reach to the hub due to the change shape of the PIV dataset region because of the aft rotor curvature and thus did not capture the full extent of the front rotor wakes, which was the focus of this study.
DETERMINATION OF FORWARD ROTOR WAKE CHARACTERISTICS
A slice of velocity magnitudes is shown in Fig. 7 , orthogonal to the flow between the rotors, extracted along the lines shown in Fig 4. At the four radially spread locations, 200 data points were extracted giving the y-position and velocity magnitude at each (X/R, Y/R) point on the plane. The wakes displayed in Fig. 7 represent classical blade wake behavior with a large local minimum of velocity that reaches back to the freestream outside of the wake. As the slice is taken closer to the hub, the total velocity magnitude is lower, showing the strength of the wake at this radial location. It was the intent of this research to determine how the wake, characterized by the local minimum and width, changes with aft rotor position and Z/R location.
These flow velocity magnitudes were plotted against Y/R position to determine the local freestream velocity. Local freestream velocities were estimated for every set of 200 extrapolated data points. This was accomplished by averaging sections of the flow field on either side of the wake that were determined to have a nearly flat velocity profile. This average was computed for each plane and radial position. For each zplane, the freestream was averaged yielding 11 different freestream velocities per plane moving from the front to aft rotor. These 11 planes correspond to the extent of usable velocity data in the prescribed dataset region. The 11 th z-plane from the front rotor was deemed to be the last plane with a complete set of data (captures all 4 X/R radial positions) from the PIV data acquisition.
The strength of the wake was quantified by the wake width and the maximum deficit from the freestream velocity experienced within the wake. The wake width was characterized as the region bound by a cut-off velocity, defined as 97% of the freestream. The value of 97% was chosen to be consistent across all wake profiles and was deemed adequate for the relative analysis in question. This value was found to adequately capture the wake velocity deficit in a clear and repeatable manner. The wake width in the z-plane was therefore the Y/R length within the bounds established by the cut-off velocity. The velocity minima of the wakes were readily determined by identifying the local minima. These wake widths and velocity minima were recorded for each of the 10 forward-aft rotor phases and each of 11 Z/R planes and 4 X/R locations. This allowed a sufficiently detailed dataset to examine the effects of the aft rotor on the forward rotor wake. 
EFFECT OF AFT ROTOR ON FORWARD WAKE WIDTH
The wake widths were plotted versus phase for all z-planes to examine the behavior of the wake as a function of aft rotor position. Figures 8-10 show the wake width, in units of Y/R, as a function of the phase bin previously identified for three Z/R planes and three of the X/R positions as identified in Figs. 4-6 . The data in Figs. 8-10 display a cyclical pattern with the wake becoming larger and then rapidly narrowing as the wake encounters the potential field from the aft rotor. The exact phase at which this occurs is dependent on the Z/R plane, i.e. it changes with distance from the aft rotor. The wake then widens again as the aft rotor passes. The average wake width can be seen to be growing as the plane of data approaches the aft rotor. This is consistent with typical behavior of decaying blade wakes moving downstream. The variations of the wake widths increased from +/-0.02 Y/R at Z/R = 0.31 to +/-0.05 Y/R at Z/R = 0.35. These variations from the average wake width show a significant change in the physical characteristics of the wake as the potential field of the aft rotor is felt by the wake. This contraction is evidence that the wake is decreasing in strength as its profile within the flow is dramatically reduced. Thus, the potential effects the wake has on the flow field as it propagates away from the front rotor is decreased.
The data in Figs. 8-10 show little variation in the radial direction when looking at various X/R lines. At Z/R = 0.31 in Fig. 8 , the phase at which the aft rotor appears to pass by has been increased by 1 over the lower X/R planes that are closer to the hub. This is due to the fact that the aft rotor potential field is shaped like the aft rotor blade, which has its upstream maximum point at approximately X/R = 0.6. As the flow gets closer to the tip, the aft rotor potential field is shaped like the blade and it does not arrive to affect the forward wake until one phase bin, or 3.6°, later. This effect is not as discernable as the planes move closer to the aft rotor.
EFFECT OF AFT ROTOR ON FORWARD WAKE MINIMUM VELOCITY
The wake velocity minimum was taken as one of the characteristics of the wake that could be used as a surrogate for the strength of the wake. Figures 11-13 show the absolute velocity minimum in the wake as a function of phase bin for three different X/R radial locations and well as three Z/R planes, corresponding to the data in Figs. 4-6. As the aft rotor potential field approached and passed, the velocity minima is shown to be mildly weakened. The cyclical pattern that was very discernable in the wake width data of Figs. 8-10 was not as discernable here. In Fig. 11 , it appears as though the velocity minima is cyclical, but 180° out of phase with the wake width. The velocity minima rose on the order of 5% from the average velocity minima, displaying a slight weakening in the wake upon approach, shown in Figs. 11-13 . The change in velocity minima also increased toward the hub in the lower flow field. While this behavior shows a weakening of the wakes due to the flow, the magnitudes of the velocity minima change are significantly less than the widths. Therefore, the change in velocity is more significant on the outer edges of the wake (which defines its scope), but is less significant at the center at the point of minimum velocity. This result is an indication that the energy of the aft rotor potential field can have a significant effect on the geometry of the wake and mild effects on the velocity deficit. It should be noted here that the variations seen in Fig. 12 fall mostly within the experimental uncertainty and so it can be concluded that the aft rotor has little measureable effect on the minimum wake velocity using this particular data set. A larger data collection effort would reduce experimental uncertainty and may lead to a more conclusive analysis.
The shrinkage in wake geometry and velocity minima display clear effects by the potential field. Since the potential field is a pressure differential traveling with the aft rotor, the higher pressure introduced ahead of the rotor excites the wake velocities. This is the result of adding an additional velocity component in the direction of the aft rotor potential field propagation. Conversely, after the aft rotor field has passed, the decrease in local pressure allows for the wake to recover and restrengthen. These changes in the wake structure have strong implications in the acoustical design of the system. ORPR systems have high levels of noise because of the extreme pressure and velocity changes in the inter-rotor field. Therefore, gaining an understanding of rotor-wake behavior is essential to decreasing the overall noise of the rig. This is of importance since propfans have no casing to surround the fan (as is present on turbojets) and contain the fan noise. The results of this research suggest that the changes in pressure with approach and reproach of the aft rotor are a contributor to the noise generated by inter-rotor field flow.
CONCLUSIONS
The effects of the aft rotor on the forward rotor blade wakes were determined for an open rotor propulsion rig. A large three dimensional dataset was collected and processed to determine the effects of the aft rotor on the inter-rotor flowfield, specifically the effects on the forward rotor blade wakes. Previous research had studied the effects on the tip vortices. [6] The forward rotor blade wake was characterized by the width and velocity minima at various stremwise planes and radial locations.
The wake width was found to vary significantly as a function of not only streamwise location between the rotors, but also as a function of the relative phase between the forward and aft rotors. The sinusoidal nature of the data reflects the passing of the aft rotor for a fixed forward rotor. The absolute wake width increased as a function of streamwise location, as is appropriate for a wake traveling downstream, but the fluctuations from the mean, non-phase averaged, behavior also increased proportionally with the streamwise location.
The velocity minima were found to be less susceptible to the potential field of the aft rotor. The changes in velocity minima were found to be cyclic, but the changes were not as strong as those for the wake widths. This indicates that the effects of the aft rotor have a more significant effect on the structure of the wake than on the overall strength of the wake. This has implications for the design of quiet CROR engines for use in commercial airspace.
